Apoptin, a protein expressed by chicken anemia virus, is found predominantly in the cytoplasm in normal cells, whereas it localizes in the nucleus in transformed and malignant cells. However, the mechanisms that regulate the different subcellular localization of Apoptin in normal and tumor cells have not been fully clarified. In this work, a putative nuclear export signal (NES) in Apoptin was predicted. It was testified that the putative NES (pNES) of Apoptin was not a functional NES, but actually acted as a cytoplasmic retention signal. Deletion of the pNES led to the nuclear accumulation of Apoptin in normal cells. In addition, when a strong nuclear localization signal was introduced into Apoptin, it exclusively translocated to the nucleus in normal cells. These observations indicated that the cytoplasmic localization of Apoptin in normal cells results from the balance between cytoplasmic retention and nuclear import. On the other hand, the pNES was also proved to be necessary for Apoptin multimerization. Mutants lacking the pNES did not form obviously visible globular aggregates in normal or tumor cells.
Chicken anemia virus (CAV) is a small non-enveloped virus containing a single-stranded circular DNA genome. The virus causes a disease in the newborn chickens, which is characterized by generalized lymphoid atrophy, increased mortality and severe anemia. CAV mainly infects hemocytoblasts and T lymphocyte precursor cells, causing them apoptosis [1] . The genome of CAV encodes three proteins, including VP1, VP2 and VP3. Expression of VP3 alone mimics the CAV-induced apoptosis, so it is designated Apoptin [2] . Studies indicated that Apoptin induced apoptosis in various human transformed or tumor cells but not in normal cells [3] [4] [5] . The Apoptin-induced apoptosis is p53-independent and cannot be blocked by 6] . These features make Apoptin a potential candidate as a therapeutic and diagnostic tool in cancer treatment. The tumor specificity of Apoptin is thought to be related to its subcellular localization. In normal cells, Apoptin has a cytoplasmic localization, whereas in malignant cells it accumulates in nucleus, the mechanisms of which remain to be fully elucidated. The shuttling of many proteins between nucleus and cytoplasm is controlled by nuclear localization signal (NLS)-mediated nuclear transport and nuclear export signal (NES)-mediated nuclear export [7] [8] [9] . Recently, a bipartite NLS of Apoptin responsible for its nuclear translocation in tumor cells was identified [10] . And it was reported that the nuclear translocation of Apoptin is regulated by phosphorylation on its threonine 108 [11] . The Thr 108 modification of Apoptin was also described to be specific in tumor and transformed cells, and it appears to be sufficient to confer upon Apoptin ability to translocate into the nucleus and induce apoptosis in normal cells as it dose in tumor cells. Although this modification is likely crucial for nuclear translocation, it cannot be ruled out the possibility that the NES contributes to shuttling of Apoptin in cells.
In the present study, we investigated the role of the putative nuclear export signal (pNES) in determining the subcellular localization of Apoptin in normal cells. We found that in the presence of leptomycin B (LMB), an inhibitor of the exportin-1-dependent nuclear export, EGFP-tagged Apoptin still remained in the cytoplasm in the rat primary hepatocytes; the deletion of the pNES led to the nuclear accumulation of Apoptin in the rat primary hepatocytes. These results demonstrates that the pNES of Apoptin is not a real NES, but in fact a cytoplasmic retention signal (CRS) responsible for Apoptin's cytoplasmic localization in normal cells.
Materials and Methods

Plasmid construction
NES sequence was predicted by NES finder 0.2 (http:// www.nki.nl/nkidep/h4/maarten/NES-finder.htm). The vector pAS2-1-Apoptin was a kind gift from Prof. Zhixian SUN (Department of Biochemistry, Beijing Institute of Radiation Medicine, Beijing, China). The full-length cDNA encoding wild type Apoptin (designated Apoptin wt) was amplified by a single PCR amplification using primer 1 (5'-CTAgAATTCATgAACgCTCTCCAAgAAg-3') and primer 2 (5'-gATggATCCTTCAgTCTTATACGCCTTCTTgCg-3'). Apoptin(1-46) was obtained by a single PCR with the primer 1 and primer 3 (5'-ATATggATCCCCACCCAgCgATAgAgTgATTg-3'). ApoptinNES-d was created through overlap PCR. The N-terminal and the C-terminal fragments of Apoptin gene were amplified by PCR using the primer 1 and primer 4 (5'-CgCgCAgCCACACTCTCTgCAgTgAggggTTTC-3'), and primer 5 (5'-CACTgCAgAgAgTgTggCTgCgCgAATgCTC-3') and primer 2, respectively. Purified fragments were mixed and subjected to a PCR generating the full-length fragment that was subsequently amplified using primer 1 and 2. ApoptinTag was obtained by two-stage PCR. The first PCR reaction was performed using primer 1 and the 58-mer reverse oligonucleotide (5'-gTAgAATgTTgAgAATCAgCAgTAgCTTCATCATCAgAAgAgCTTACCCTgTACTCgg-3'), and the second PCR reaction was performed using primer 1 and the 57-mer reverse oligonucleotide (5'-CggTggATCCCCAACCTTACgCTTCTTCTTAggAggAgTAgAATgTTgAgAATCAgC-3'). The amplified cDNA of Apoptin and its mutants were digested with EcoRI and BamHI, and inserted into pEGFP-N1 vector (containing enhanced green fluorescent protein coding sequence, Clontech). All constructions were verified by DNA sequence analysis.
Cell culture and preparation of rat primary hepatocytes
HepG2 cells were grown in Dulbecco's modified Eagle's medium (DMEM) containing 10% calf serum, 100 µg/ml streptomycin and 100 U/ml penicillin, at 5% CO 2 and 37°C
. The rat primary hepatocytes were prepared by a twostep collagenase perfusion through the portal vein of rats anesthetized with pentobarbital (60 mg/kg, intra-peritoneal injection) as described previously [12] . The viability of the cells was determined by Trypan blue exclusion, and the preparations with viability greater than 90% were used for transfection.
Transfection and fluorescence analysis
HepG2 cells were transfected with the expression vector of Apoptin and its mutants using Lipofectamine TM reagent (Invitrogen) following the manufacturer's instructions. The rat primary hepatocytes were transfected with the expression vector of Apoptin and its mutants using Effectene transfection reagent (Qiagen) according to the manufacture's instructions. All cells were seeded on 24-well plates. Following transfection, cells were cultured for 24 h. The transfected cells were fixed in 1% paraformaldehyde in phosphate-buffered saline (PBS) for 10 min, and then fixed in 70% ethanol for 5 min at room temperature. To visualize the nucleus, incubate the fixed samples with 100 ng/ml 4',6'-diamidino-2-phenylindole hydrochloride (DAPI) in PBS for 10 min. Fluorescence was analyzed by fluorescence microscopy.
LMB treatment
At 19 h post-transfection, LMB was added to the culture medium of the primary hepatocytes at a final concentration of 5 ng/ml, and the cells were further cultured for 5 h.
Results
Prediction and verification of nuclear export signal in Apoptin
To investigate the mechanism of cytoplasmic distribution of Apoptin in normal cells, a putative NES was predicted using the NES finder 0.2. The result of the prediction shows that Apoptin contains a putative CRM1-mediated NES in its N-terminus (aa 33-44, IRIGIAGITIT-LSL) [ Fig. 1(A) ]. To verify that the pNES was indeed an NES, the EGFP-tagged Apoptin wt transiently expressed rat primary hepatocytes [ Fig. 1(B) ] were treated with 5 ng/ml LMB, an inhibitor of CRM1-mediated export. As shown in Fig. 2 , after 5 h of LMB treatment, the EGFPtagged Apoptin wt still had a predominant cytoplasmic distribution in rat primary hepatocytes. This result indicates that the pNES of Apoptin is not a real NES.
Putative nuclear export signal of Apoptin is a cytoplasmic retention signal Sun et al. [13] reported that Apoptin interacted with ABP280 mediated by its pNES, so the possibility could not be ruled out that the pNES might contribute to the cytoplasmic distribution of Apoptin in normal cells. To investigate the function of the pNES, the rat primary hepatocytes were transfected with the pNES deletion mutant of Apoptin (ApoptinNES-d) tagged by EGFP [ Fig. 1(B) ]. Interestingly, ApoptinNES-d mainly accumulated in nucleus after 24 h of transfection, whereas Apoptin wt predominantly localized in the cytoplasm of rat primary hepatocytes (Fig. 3) . This means that the pNES plays a key role in the cytoplasmic retention of Apoptin in normal cells, so the pNES can be considered as a cytoplasmic retention signal (CRS). This result also indicates that the bipartite NLS of Apoptin is not a tumor cell-specific NLS, though 
Fig. 2 Subcellular localization of Apoptin and effects of LMB in rat primary hepatocytes
The primary rat hepatocytes were transiently transfected with the expression vector encoding Apoptin wt/EGFP. Half of the cultures were treated with 5 ng/ml LMB for 5 h. Localization of Apoptin was observed by fluorescence microscopy after 24 h of transfection. DAPI was used to stain nuclei.
Apoptin has a tumor-cell specific nuclear localization.
Stronger NLS makes Apoptin translocate to the nucleus in rat primary hepatocytes
Apoptin contains a bipartite NLS and a CRS, but it has different subcellular localization in tumor and normal cells. It is possible that the NLS and CRS of Apoptin play different roles in tumor and normal cells. In normal cells, the CRS plays a predominant role in determining Apoptin's subcellular distribution, whereas in tumor cells, the NLS plays a central role instead. There is a balance between the cytoplasm retention and nuclear transport of Apoptin. If the balance is disturbed, the subcellular localization will be changed. To test this hypothesis, we constructed an Apoptin mutant (ApoptinTag) whose NLS2 of bipartite NLS was replaced by the monopartite NLS of SV40 large T antigen [ Fig. 1(B) ]. When ApoptinTag/EGFP was transfected into rat primary hepatocytes, it exclusively accumulated in the nucleus (Fig. 4) . This means that in rat primary hepatocytes the cytoplasm retention signal of Apoptin plays a predominant role in determining its subcellular distribution, whereas the function of the bipartite NLS is probably masked or attenuated. If the cytoplasm retention signal is deleted or a stronger NLS is inserted, the balance between Fig. 3 The
pNES deletion mutant of Apoptin mainly accumulated in nucleus in primary hepatocytes
The separated rat primary hepatocytes were cultured for 48 h, and then were transfected with Apoptin wt/EGFP or ApoptinNES-d/EGFP. The transfected cells were further cultured for 24 h, and then were fixed and stained by DAPI. Localization of expressed Apoptin wt or ApoptinNES-d was monitored with EGFP by fluorescence microscopy.
Fig. 4 Apoptin transported into nucleus of rat primary hepatocytes mediated by additional monopartite NLS
The separated rat primary hepatocytes were cultured for 48 h, and then were transfected by EGFP-tagged Apoptin wt and ApoptinTag. After 24 h transfection, the cells were fixed, and the distribution of Apoptin and ApoptinTag was analyzed with EGFP by fluorescence microscopy.
the cytoplasm retention and nuclear transport will be disturbed, and the nuclear localization signal will play a decisive role in determining the Apopitn's subcellular distribution. In this circumstance, Apoptin is effectively transported to the nucleus.
Putative nuclear export signal sequence of Apoptin is responsible for its multimerization
Apoptin expressed in tumor cells often exists as globular aggregates [3, 14] . But we found that the pNES deletion mutant of Apoptin (ApoptinNES-d) expressed in human hepatoma HepG2 cells almost formed no visible globular aggregates, it had a diffused distribution in nucleus, whereas the truncated Apoptin/EGFP consisting of aa 1-46 [ (Fig. 1(B) ] still had capacity to form visible globular aggregates in HepG2 cells (Fig. 5) . In rat primary hepatocytes, ApoptinNES-d had the same diffused distribution in nucleus (Fig. 3) . This demonstrates that the pNES is responsible for Apoptin multimerization.
Discussion
Apoptin is the product of the CAV VP3 gene, and it has been shown to be responsible for the apoptotic activity of the virus. Expression of Apoptin alone is sufficient to induce apoptosis in chicken mononuclear cells [2] . Further studies indicate that Apoptin also induces apoptosis in variety of human tumor cells, but it fails to kill normal cells [3] [4] [5] . In tumor cells, Apoptin migrates to the nucleus, but it remains primarily in the cytoplasm in normal cells. Recently, the mechanisms that regulate the nuclear import of Apoptin were investigated. To be transported to nucleus, the protein must contain a nuclear localization signal The pNES is responsible for Apoptin multimerization
Human hepatoma HepG2 cells were seeded in 24-well plates and cultured for 24 h. Then they were used to transfect with EGFP, EGFP-tagged Apoptin wt, Apoptin(1-46) and ApoptinNES-d. After 24 h transfection, the cells were fixed and stained by DAPI. The formed aggregates were analyzed with EGFP by fluorescence microscopy.
sequence (NLS). Indeed, a functional bipartite NLS was found in C-terminus of Apoptin, the disruption of which greatly reduced both nuclear import and apoptosis induction in tumor cells [10] . In addition, phosphorylation is believed to be key regulator for Apoptin nuclear translocation and apoptosis. Apoptin was shown to be specifically phosphorylated at threonine 108 in tumor cells. And it was reported that the phosphorylation-mimicking mutant of Apoptin(T108E) conferred Apoptin the ability to accumulate in nucleus and kill normal cells [11] . As far as we know, the overall distribution of many nuclear proteins is controlled by both nuclear import and nuclear export, which depends on NLS or NES. Although the bipartite NLS is believed to be crucial for the nuclear localization of Apoptin in tumor cells, the possibility can't be excluded that the process of nuclear export contributes to the cytoplasm distribution of Apoptin in normal cells. Sequence analysis shows that Apoptin contains a putative CRM1-mediated NES (pNES). But we found that the pNES is not sensitive to LMB, a specific inhibitor of the CRM1-mediated export process. In LMB-treated rat primary hepatocytes, Apoptin did not accumulated in the nucleus. This finding suggests that the pNES of Apoptin is not a real NES. Further studies showed that the NES deletion mutant of Apoptin mainly accumulated in nucleus in rat primary hepatocytes; whereas the wild type Apoptin predominantly distributed in cytoplasm. The results reveal that the pNES is in fact a cytoplasm retention signal, which is responsible for cytoplasm retention of Apoptin in normal cells. Sun et al. [13] had reported that Apoptin interacted with ABP280 mediated by its pNES, so it was probable that the pNES of Apoptin was a pivotal domain responsible for interacting with other proteins. It is possible that the cytosolic anchor protein, which interacts with Apoptin in normal cells, does not enter the nucleus or occlude the NLS of Apoptin in normal cells. As soon as the interaction is eliminated, the NLS can be recognized by importins, which will then act as carriers to transport Apoptin to the nucleus. The results also mean that the NLS of Apoptin is not a tumor cellspecific NLS, though Apoptin has a tumor cell-specific nuclear localization. The bipartite NLS of Apoptin is composed by two interdependent parts (NLS1 and NLS2) separated by 27 amino acid residues. If one part is masked, the bipartite NLS could not effectively perform its function. We speculate that in normal cells the NLS is masked or its function is seriously attenuated, so Apoptin can not be transported to nucleus in normal cells. If a strong NLS is introduced into Apoptin, perhaps it can lead to the nuclear accumulation of Apoptin in normal cells. To test the hypothesis, NLS2 of the bipartite NLS of Apoptin was displaced by a strong monopartite NLS from SV40 large T antigen. Further studies indicated that Apoptin with the additional stronger monopartite NLS could exclusively translocate to nucleus in rat primary hepatocytes. Taken together, it could be concluded that Apoptin's subcellular localization in rat primary hepatocytes is mainly determined by its pNES. As to the nuclear localization of Apoptin in tumor cells, it is possible that tumor cells provide a very different environment to Apoptin from that of normal cells, and in such circumstance, the bipartite NLS of Apoptin is functional and plays the predominant role in determining its subcellular localization.
Apoptin has a strong tendency to aggregate. In CAVinfected transformed chicken cells in culture, Apoptin translocates to nucleus, where it forms fine granules, which will gradually turn larger [3] . In tumor cells, Apoptin was proved to form distinct, higher-order nucleoprotein complexes containing up to 20 Apoptin protein multimers [14] . The recombinant Apoptin protein spontaneously forms non-covalent globular aggregates comprising 30 to 40 subunits in vitro [15] . Using cytoplasmic microinjection, the recombinant Apoptin multimer was shown to retain the characteristics of the ectopically expressed wild type Apoptin [16] . It was proved that the N-terminal half of Apoptin is responsible for its multimerization [15] . Our results further demonstrate that the pNES located in the N-terminus of Apoptin is responsible for its multimerization. We found that the wild type Apoptin formed aggregates in non-globular pattern in normal cells, while in tumor cells it existed as large globular aggregates. But the pNES deletion mutant of Apoptin expressed in tumor or normal cells lost the ability to form visible aggregates, it had a dispersed distribution in nucleus. Recently, Cheng et al. [17] reported that the truncated Apoptin consisting of aa 1-59, which overlapped with the pNES, was sufficient to bind Hippi, while Sun et al. [13, 18] testified that the interaction between Apoptin and ABP280 or Nmi was mediated by its pNES. Taken together, it can be concluded that the pNES of Apoptin is a pivotal domain responsible for its multimerization and interacting with other proteins. Edited by Jia-Rui WU
